Syncytins are envelope genes from endogenous retroviruses that have been captured during evolution for a function in placentation. They have been found in all placental mammals in which they have been searched, including marsupials. Placental structures are not restricted to mammals but also emerged in some other vertebrates, most frequently in lizards, such as the viviparous Mabuya Scincidae. Here, we performed high-throughput RNA sequencing of a Mabuya placenta transcriptome and screened for the presence of retroviral env genes with a full-length ORF. We identified one such gene, which we named "syncytin-Mab1," that has all the characteristics expected for a syncytin gene. It encodes a membrane-bound envelope protein with fusogenic activity ex vivo, is expressed at the placental level as revealed by in situ hybridization and immunohistochemistry, and is conserved in all Mabuya species tested, spanning over 25 My of evolution. Its cognate receptor, required for its fusogenic activity, was searched for by a screening assay using the GeneBridge4 human/Chinese hamster radiation hybrid panel and found to be the MPZL1 gene, previously identified in mammals as a signal-transducing transmembrane protein involved in cell migration. Together, these results show that syncytin capture is not restricted to placental mammals, but can also take place in the rare nonmammalian vertebrates in which a viviparous placentotrophic mode of reproduction emerged. It suggests that similar molecular tools have been used for the convergent evolution of placentation in independently evolved and highly distant vertebrates.
endogenous retrovirus | envelope protein | placenta | syncytin | receptor S yncytins are "captured" genes of retroviral origin that correspond to the envelope gene of ancestrally endogenized retroviruses. These genes encode fusogenic proteins that are involved in the formation, by cell-cell fusion, of the syncytiotrophoblast at the placental materno-fetal interface in eutherian mammals (reviewed in refs. 1 and 2). Furthermore, genetically modified mice in which the two syncytin genes, syncytin-A and syncytin-B, were knocked out showed deficiencies in placental development, with altered structure of the materno-fetal interface resulting in inhibition of growth or death of the embryo at midgestation (3, 4) . Syncytins have been found in all placental mammals in which they have been searched, with independently captured syncytins occurring across all major clades of placental mammals, including Euarchontoglires (primates, rodents, and lagomorphs), Laurasiatherians (ruminants and carnivores), Afrotherians (tenrec), and even Marsupials (opossum) ( Fig.  1 ) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . This has led to the proposal that these genes, which are absolutely required for placentation as shown by the knockout mice experiments, are most likely involved in the emergence and evolution of placental mammals from egg-laying animals (1) . Analysis of the conservation of these genes further indicates that they have been subjected to purifying selection in the course of evolution, as expected for any bona fide cellular gene.
Remarkably, placental structures are not restricted to mammalian species. Placentation emerged independently and in a stochastic manner in several groups of vertebrates, with the noticeable exception of birds (reviewed in refs. 16 and 17) . In particular, complex placentas have been described in some South American or African species of Scincidae lizards (18) (19) (20) (21) ; reviewed in refs. 16, 22, and 23) . In one Scincidae genus, Mabuya, placental structures form specialized regions very similar to those found in mammals, e.g., the placentome where maternal and invasive fetal tissues are highly folded and interdigitated. Ultrastructural analysis of this region further revealed the presence of a syncytial structure at the materno-fetal interface, as observed in numerous mammalian species. However, in contrast to most mammals, the syncytial layer of the Mabuya placenta is formed by maternal epithelial cells rather than by fetal trophoblast cells, which remain individualized Significance Retroviral envelope gene capture and exaptation for a placental function has been demonstrated in mammals. Remarkably, placental structures have also emerged on rare occasions in nonmammalian vertebrates, resulting in related modes of reproduction. The Mabuya lizard, which emerged 25 Mya, possesses a placenta closely related to that of mammals. Here, we identified a specific retroviral envelope gene capture that shows all the characteristic features of a bona fide mammalian syncytin, being conserved in Mabuya evolution, expressed in the placenta, and fusogenic. Together with the present identification of its cognate receptor, these results show that syncytin capture is not restricted to mammals and is likely to be a major driving force for placenta emergence.
cells throughout gestation (19, 20, (24) (25) (26) (27) ). Yet these differences can be considered minor in view of the tremendous qualitative transition that must have taken place between egg-laying and placental lizards that have a mode of reproduction so closely related to that of placental mammals. Following our previous proposal that such transitions are likely due to the stochastic acquisition of new genes via the endogenization of retroviruses and the exaptation of their envelope gene, a process that has taken place on several occasions in mammalian evolution, we investigated whether, as in mammals, endogenous retroviral env genes could have been specifically captured and exapted for a role in placenta formation in the Mabuya genus and might even be involved in the refined structure of their materno-fetal interface. Such events would indeed represent a remarkable example of convergent evolution in two major classes of vertebrates.
Currently, no genome within the Mabuya genus has been sequenced, and the most closely related species whose genome is available is the green anole (Anolis carolinensis), a distant small oviparous lizard. As a result, we could not screen Mabuya genomes to identify candidate syncytin genes as was done previously for mammalian species. After having captured pregnant females from a Colombian Mabuya population [referred to as "Mabuya sp. IV" (28)], we therefore performed high-throughput RNA sequencing (RNA-seq) of their placenta transcriptome and searched for the presence of expressed, coding retroviral env genes. Remarkably, we identified such a gene, syncytin-Mab1, which proved to be a syncytin and was characterized for its fusogenic activity, its conservation during Mabuya evolution, and its expression at the materno-fetal interface. Using a genetic approach, we identified its cognate receptor as the MPZL1 transmembrane protein, previously characterized as a membrane-bound signal transducer implicated in cell-migration processes (29) (30) (31) (32) . This identification of a captured syncytin and its receptor in a distant viviparous lizard with a placentotrophic mode of reproduction shows that syncytin capture is not restricted to mammals and is likely to be a major driving force for placenta emergence and evolution.
Results

High-Throughput Sequencing and in Silico Search for Retroviral Env
Genes Within the Mabuya Placental Transcriptome. Placental RNA was extracted from pregnant Andean Mabuya sp. IV females captured in the wild (Methods). The transcriptome of a placenta at embryonic development stage 35 (as defined in ref. 33) , presenting a well-established syncytium, was determined by the French National Sequencing Center (Genoscope, Evry, France). Placental transcripts were assembled using de novo assembly methods in absence of a reference genome (Methods). Transcriptome reconstruction identified 72,763 transcripts ranging from 123 bp to 24.4 kb [N50 (the length N for which 50% of all bases in the sequences are in a sequence of length L < N) = 2,869 bp; median size = 1.1 kb], 26,690 of which (36.7%) could be positively matched to a known protein gene from the Refseq Vertebrate database. A set of 21,253 transcripts shows significant expression (more than two tags per million) (34), 16 ,398 of which were positively annotated (77.2%) and correspond to 13,189 unique genes, among which 10,079 were nonhousekeeping genes. This subset of transcripts contains a range of genes annotated as "placental" genes with key biological functions during placenta development, such as core placental transcription factors, placental hormones, iron transporters, gap junction proteins, interleukins and interleukin receptors, metalloproteinases, and angiogenesis factors (SI Transcriptome Analysis and Datasets S2-S4).
To identify putative env-derived syncytin genes in this transcriptome, we screened these assemblies using the method we previously devised to screen mammalian genomes for such genes. In short, a BLAST search for env ORFs longer than 400 aa (from the Met start codon to the stop codon) was performed using a set of env sequences including all previously identified syncytins (Methods). It yielded four Mabuya transcripts that we named "Mab-Env1" to "Mab-Env4." Analysis of the overall structure of the four identified env genes ( Fig. 2 A and B ) strongly suggests that they indeed correspond to retroviral Env proteins, with all or most of their characteristic features conserved, including the presence of a predicted signal peptide sequence at the N terminus, a putative furin/PACE cleavage site delineating a surface (SU) and a transmembrane (TM) subunit, and a hydrophobic domain >20 aa long located downstream of the highly conserved C-X 5-7 -C motif of retroviral envelopes. This hydrophobic domain is involved in anchoring the Env protein within the plasma membrane, a feature required for its fusogenic activity. Finally, all genes present a canonical immunosuppressive domain (ISD). The presence of the ISD classifies the four envelopes as gamma-type retroviral envelopes (reviewed in ref. 35 ); however only Mab-Env3 and Mab-Env4 present the gamma-type-specific C-X 6 -CC motif that contains the third cysteine necessary for the covalent link between SU and TM observed in gamma-type envelopes, with the other two cysteines forming an intra-TM loop. Mab-Env1 and Mab-Env2 present a C-X 7 -C motif, a characteristic of beta-type retroviral envelopes in which the SU and TM are not linked by a disulfide bond and only the intra-TM bond is present (reviewed in ref. 35 ).
Incorporation of Mab-Env1 to Mab-Env4 into a phylogenetic tree based on the alignment of TM subunits is shown in Fig. 2C and demonstrates that they are distinct from previously identified env genes and that all four of them cluster with gamma-type envelopes. Interestingly, Mab-Env1 and Mab-Env2 are grouped together and display 82% amino acid identity with strong conservation of most of the functional domains (Fig. 2D) , suggesting that they correspond to two genomic copies of the same retroviral family. The main differences between Mab-Env1 and Mab-Env2 are a 10-aa deletion in the N-terminal domain of the TM subunit of Mab-Env2 (the domain presumably harboring the fusion peptide critical for Env fusion activity) and a short truncation of the cytoplasmic tail of Mab-Env1 due to the presence of a premature stop codon. Although Mab-Env3 and Mab-Env4 are also grouped together, they only display 56% amino acid identity, suggesting that they belong to distinct, but related, retroviral families. Surprisingly, Mab-Env3 and Mab-Env4 cluster with the envelope gene of the Rous sarcoma virus (RSV), an alpharetrovirus presenting an avian gamma-type envelope. Closer inspection further reveals that their fusion peptide is located about nine amino acids after the putative furin site, a characteristic of avian gamma-type envelopes (reviewed in ref. 35) . As their name indicates, this subset of gamma-type envelopes was thought to be specific to bird retroviruses.
Mab-Env1
Is Highly Expressed in Placental Tissues. We performed an RT-qPCR analysis of transcript levels for each candidate MabEnv gene in different tissues (Fig. 3 ) using primers that were designed to be specific for each env sequence (Table S1 ). Mabuya placental RNA was analyzed at two developmental stages: stage 30, when the uterine cells start to fuse, forming the syncytial layer, and stage 37, when the syncytium is well formed. High expression levels of Mab-Env1 (similar to that of the ribosomal protein RPL19) could be observed in the placenta at both stages.
The expression of Mab-Env2, Mab-Env3, and Mab-Env4 in the placenta was 6-to 85-fold lower than that of Mab-Env1. Of note, none of these genes was specifically expressed in the placenta. Mab-Env1, in particular, shows high levels of expression in several other organs, including organs of the maternal genital tract (ovary and oviduct), a feature not commonly observed for mammalian syncytins. Due to the high expression levels of MabEnv1 in the placenta and the low expression levels of the three other env genes, we focused on Mab-Env1 in the present study.
Characterization of the Mab-Env1-Associated Pol Gene. To obtain the sequence of the provirus harboring the Mab-Env1 gene, we rescreened the placental transcriptome in an iterative fashion using BLAST and found additional overlapping transcripts, each sharing a 3′ region homologous with the 5′ region of the previous transcript, allowing us to reconstruct an internal proviral sequence by concatenating the transcripts (Fig. 4A) . We confirmed the existence of this sequence through PCR on genomic DNA with primers designed at both extremities of the assembled RNA-seq sequence (Table S1 ). We were able to amplify and sequence 5.8 kb of internal proviral sequence containing the end of gag and the entirety of pol and Mab-Env1. The pol ORF is interrupted at the 3′ end by several stop codons and frameshifts, while the Mab-Env1 ORF is intact, as expected (Fig. 4A ). Of note, an acceptor splice site can be predicted with a high score in the proviral sequence, about 400 bp upstream of the env start codon (using www.cbs.dtu.dk/ services/NetGene2), but the corresponding retroviral spliced env transcript could not be retrieved from the RNA-seq assemblies.
Identification of the conserved reverse transcriptase (RT) domain of the pol gene allowed us to compare it with previously described RT domains to determine the family of the Mab-Env1-associated virus. A PhyML maximum likelihood tree using RTs from both exo-and endogenous retroviruses (Fig. 4B ) places the Mab-Env1-associated RT closest to the gamma family of RTs. However, it remains external to all gammaretroviral RTs of the dataset, indicating that it might be a distant member of this family or a member of another, closely related family. In association with the noncanonical combination of an ISD and a C-X 7 -C motif in Mab-Env1 (see above and Fig. 2C ), this finding suggests that this lizard retrovirus differs from previously described retroviral families.
Conservation Within the Mabuya Genus. To study Mab-Env1 conservation within the Mabuya genus, we tentatively PCR-amplified the entire Mab-Env1 ORF from the genomic DNA of several species of Scincidae. Fragments of the expected length were obtained for all Mabuya species shown in Fig. 5 . Sequencing of the purified PCR products revealed intact reading frames belonging to the Mab-Env1 family (Fig. 5) . No amplification was obtained in any non-Mabuya Scincidae, even though amplification of BDNF, a conserved control gene, indicated that the extracted genomic DNA was of good quality. We then used a less stringent approach by designing degenerate primers in conserved internal Mab-Env1 regions based on alignments of all available Mabuya sequences. This approach led to the amplification of a 400-bp fragment, ranging from the end of the SU to the start of the ISD, in all Mabuya tested, as expected, but also in the Trachylepis, Chioninia, Eumecia, and Lubuya genera (sequences are shown in Fig. S2 ). This unexpected result indicates that endogenization of the Mab-Env1-associated virus probably occurred before the separation of these genera, about 30 Mya (Fig.  5) (36) , but that the full-length envelope was conserved only in the Mabuya genus. Of note, we have been unable to amplify even the 400-bp fragment from Heremites vitattus genomic DNA, which is not compatible with the entry date proposed above (Fig. 5) . Heremites is a newly created genus (37) , and its position on the Scincidae phylogenetic tree is only weakly supported so far, which might explain this apparent anomaly, although sequence divergence could also account for this negative result.
In Situ Analyses of Mab-Env1 Transcription and Protein Expression on Placental Sections. As described previously in refs. 19, 20, and 24-26, the Mabuya placenta is a complex structure composed of specialized regions (Fig. 6A ) including areolae and absorptive plaques involved in histiotrophic nutrition and, at the embryonic pole, the placentome and paraplacentome. In the placentome region, maternal and fetal epithelia fold and interdigitate during gestation, and ramifications are highly vascularized. At the materno-fetal interface, the fetal side is mainly composed of giant columnar binucleated chorionic cells. On the maternal side, the uterine epithelium is replaced by large syncytial structures, most probably resulting from the cellular fusion of uterine cells. At the cellular interface, maternal and fetal cells form microvilli, further increasing the exchange surface of the placentome (19, 20, (24) (25) (26) . Periodically the microvilli are interrupted by the presence of smaller invasive fetal cells located between the fetal and maternal epithelia, allowing a more intimate contact between fetal tissues and the maternal circulatory system (38) . The paraplacentome surrounds the placentome and is limited on one side by the abrupt transition from a uterine syncytium to a uterine epithelium. The organization of fetal tissues in the paraplacentome does not differ significantly from that observed in the placentome, although tissues are not folded. The materno-fetal interface is still marked by interdigitated microvilli, although they are smaller than in the placentome (19, 20, (24) (25) (26) .
To assess the potential physiological relevance of Mab-Env1 expression in the placenta, both in situ hybridization and immunohistochemistry experiments were performed on paraffin sections of stage 37 Mabuya placentas (Fig. 6B) . Specific digoxigeninlabeled antisense riboprobes were synthesized for the detection of Mab-Env1 transcripts, and the corresponding sense riboprobes were used as negative controls. Anti-Mab-Env1 sera were obtained by immunizing mice with Mab-Env1 SU, and preimmune sera were used as controls (SI Methods). Both methods show that the expression of Mab-Env1 seems to be widespread, but the staining (at both the RNA and protein level) is more intense in the cell layers forming the interface between mother and fetus. In the placentome, the staining indicates stronger expression in the maternal syncytium (ms) than in the fetal chorionic cells (fc). In the paraplacentome, strong staining is observed at the apical side of the fetal chorionic cell layer, including the microvillous interface between mother and fetus. These expression profiles would support a physiological role for Mab-Env1 at the maternofetal interface (as further examined below).
Is Fusogenic in ex Vivo Assays. The functionality of MabEnv1 as an ancestrally derived retroviral envelope protein was assayed as previously for other syncytins. First, we tested whether this envelope protein added in trans could render a recombinant retrovirus deprived of its native env gene able to infect target cells (Fig. 7A) . To do so, the env gene was cloned and introduced into a CMV promoter-containing expression vector that was used to generate pseudotyped murine leukemia virus (MLV) particles (SI Methods). As illustrated in Fig. 7 B and C , TE671 , SHSY-5Y, HeLa), bovine (MDBK), carnivoran (G355.5, CrFK, MDCK), and rodent (WOP, 208F, A23) cells, in some cases at levels similar to those observed using the amphotropic MLV (A-MLV) Env protein (although all rodent cells tested exhibited a significantly lower titer). Since Mab-Env1 is a protein of reptilian origin, this suggests that its cognate receptor is a highly conserved protein among vertebrates. Rodent cells might be less permissive to infection due to subtle divergences in the evolution of the receptor in this rapidly evolving clade. Mab (Fig. 2D) , suggesting that Mab-Env2 has lost its fusogenic properties.
Cell-cell fusion experiments were performed by transfecting cells with the env expressing plasmids and assaying the formation of syncytia 48 h post transfection in the presence or absence of an acidic shock (Fig. 7D ). Mab-Env1 was able to induce fusion only when the cells were submitted to a low-pH shock, and under these conditions it induced the formation of large, multinuclear syncytia (Fig. 7E ) in all cell lines tested except rodent cells, as expected from the assay described in Fig. 7B . Mab-Env2 tested negative under all conditions, further confirming the results of the pseudotyping assay.
Of note, both Mab-Env3 and Mab-Env4 were negative in the two assays above.
Search for the Mab-Env1 Receptor. Since Mab-Env1 is able to efficiently mediate the infection of human cells but not hamster A23 cells, we took advantage of the human-hamster hybrid irradiation panel (Genbridge4; ref. 39) in which fragments of the human genome had been introduced into a panel of 93 hamster A23 clones (Fig. S3A ) and which we had used successfully to identify the receptor of human Syncytin-2 (40). We screened the Genebridge4 clones for infection using the pseudotyping assay described above. The infection results for the 93 ordered clones were [00000100000011100000000010000000100000010100000-000100000000001000000001011000000200000000001], where 1 denotes infection (>100 focus-forming units/mL), 0 denotes the absence of infection, and 2 indicates that the clone was unavailable for analysis (Fig. S3B ). This pattern of infection was compared with a matrix of specific genomic markers by computing a matching score using the RH program (41) . The eight best-scoring markers were located within the same 2-Mb region of the human genome, on chromosome 1 (Fig. S3C) . Among the genes located within this genomic region, 11 encode putative transmembrane proteins. The capacity of each of these genes to mediate the infection of A23 cells by Mab-Env1-pseudotyped particles, and thus to function as a receptor for Mab-Env1, was assayed using expression vectors for the corresponding cloned human cDNAs (Thermo Fisher) and revealed that only the myelin protein zero-like 1 (MPZL1) protein, a previously characterized single-pass transmembrane receptor (29, 42) , was able to increase infection of A23 cells (see below). To verify that Mab-Env1 can also interact with Mabuya MPZL1, we searched by BLAST for the corresponding cDNA sequence in the Mabuya placental transcriptome and designed primers to amplify MPZL1 from placental cDNA. The Mabuya MPZL1 ORF that could be cloned shares 65% amino acid identity with human MPZL1 (Fig. 8A) , with the glycosylation sites, the disulfide bond predicted for human MPZL1, and the intracellular C-terminal domain that contains two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (Fig. 8 A and B) (42) being conserved, whereas the extracellular N-terminal domains of the two proteins are much more variable. As illustrated in Fig. 8C , when infected with Mab-Env1-pseudotyped MLV particles, A23 cells transfected with either human or Mabuya MPZL1 exhibit titers 100 times higher than control cells, indicating that Mabuya MPZL1 can indeed act as a receptor for Mab-Env1.
Expression and Potential Activation of MPZL1 in Mabuya Placenta. To determine if MPZL1 can interact with Mab-Env1 in the placenta, we first compared its expression profile with that of Mab-Env1. Using the same cDNA panel as in Fig. 3 , we performed RT-qPCR and found that MPZL1 is indeed expressed in the placenta but also in other tissues (Fig. 8D) . We then performed in situ hybridization on Mabuya placenta sections, as in Fig. 6B , using MPZL1-specific antisense probes and sense probes as negative controls. As illustrated in Fig. 8E , a specific antisense-only signal is observed at the materno-fetal interface. The maternal syncytium in the placentome and the maternal epithelium of the paraplacentome in particular show strong staining, while fetal chorionic cells are only moderately stained in both regions. This pattern is close to that observed for Mab-Env1 (Fig. 6B) , especially for the placentome where both genes are more expressed at the level of the maternal syncytium, whereas in the paraplacentome the strongest expression of each gene takes place in distinct, although interdigitated, tissues of the materno-fetal interface. Therefore Mab-Env1 and MPZL1 could interact physically in vivo in both the placentome and paraplacentome, but in the former this interaction could contribute directly to the establishment of the maternal syncytium, which shows strong staining for both genes.
Previous studies have shown that MPZL1 is a signal transducer, the activation of which requires phosphorylation of the two tyrosine residues (Y241 and Y263) contained in its cytoplasmic ITIM motifs ( Fig. 8 A and B) (29) . To further demonstrate the interaction of Mab-Env1 with MPZL1, we investigated whether Mab-Env1 can trigger MPZL1 phosphorylation. To do so, we transduced untransformed human breast MCF10A cells with a lentiviral vector expressing Mab-Env1 or a negative control (empty vector or a vector expressing the mammalian syncytinCar1). As a positive control, we treated the cells with concanavalin A (Con A), which is known to induce homodimerization and phosphorylation of MPZL1 (29) . Cell lysates were then analyzed by Western blot using an antibody directed specifically against the phosphorylated form as well as an antibody detecting both forms of MPZL1. In three independent transduction experiments we observed that Mab-Env1 very significantly reduces the total amount of MPZL1 without decreasing (rather slightly increasing) its overall phosphorylation level, compared with the control syncytin-Car1 or empty vector (Fig. 9) . This indicates that MabEnv1 interacts with MPZL1, triggering both its degradation (reminiscent of receptor interference) and, as expected, a strong correlative increase of its phosphorylation. 
Discussion
Analysis of the presently established Mabuya lizard placental transcriptome revealed the presence of an endogenous retroviral env gene, Mab-Env1. It is highly expressed in placental tissues, especially at the level of the materno-fetal interface, both in the maternal syncytium layer in the placentome and in the fetal epithelium in the paraplacentome. Mab-Env1 is a fusogenic protein that is able to functionally replace a present-day retroviral env gene within a recombinant infectious retrovirus. It also can mediate cell-cell fusion, although only under conditions of low pH as observed for the ruminant syncytin-Rum1 (11). The cognate receptor of Mab-Env1 was also identified and found to be the previously described MPZL1 transmembrane signal transducer (29) . Its expression is not restricted to the placenta, but in situ hybridization demonstrates expression at the materno-fetal interface, which colocalizes with that of Mab-Env1 in the placentome syncytial layer. Finally, we have shown that Mab-Env1 is conserved in the Mabuya species tested, covering ∼25 My of evolution of this specific placental clade (36) . Together, these canonical characteristics-i.e., fusion activity, expression in the placenta, and conservation during evolution-allow Mab-Env1 to be now named "syncytin-Mab1" and to be added to the series of previously characterized syncytins that we and others have identified so far in both Eutherian and Marsupial placental mammals (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
The captured Mab-Env1 and associated pol genes have some unusual properties that could be linked to the remoteness of the species in which they were discovered. Although the Env gene falls within the family of gamma-type envelopes according to both the phylogenetic tree and the presence of an ISD, as shown in Fig. 2 , it possesses a C-X 7 -C motif in the TM subunit that is not classically found in such envelopes. Gamma-type envelopes normally possess three cysteines in this motif (C-X 6 -CC), allowing the formation of a covalent SU-TM link, whereas a two-cysteine motif is observed in betaretroviruses and lentiviruses, in which the SU and TM are not covalently associated (reviewed in ref. 35 ). The associated noncoding pol gene displays a characteristic RT domain that clusters more closely to gammaretroviral RTs but forms a sister clade to all remaining gammaretroviral sequences in our dataset (Fig. 4) . This suggests that it is either a remotely related gammaretrovirus or that it belongs to another, potentially unknown, family. The latter might also explain the unusual characteristics of the syncytin-Mab1 gene discussed above. It is also noteworthy that Mab-Env3 and Mab-Env4 present characteristics of avian gammatype envelopes, further reinforcing the idea that the remoteness of the investigated species should reveal novel categories of endogenous retroviruses.
Other interesting results of the present investigation concern the nature of the identified receptor for this retroviral envelope and the properties of this previously characterized gene that could be relevant to Mabuya placenta physiology. The MPZL1 receptor is a single-pass transmembrane glycoprotein belonging to the immunoglobulin superfamily, with an intracellular moiety containing two ITIMs. Previous studies have shown that MPZL1 can promote the migration of mesenchymal-derived mouse embryonic fibroblasts (30, 31) or hepatocellular carcinoma cells (32) and can be involved in adhesion-dependent signaling (43, 44) . In this respect, it will be interesting to determine whether the presently demonstrated syncytin-Mab1-induced phosphorylation of MPZL1 could also trigger receptor-mediated signaling in vivo that could participate in some function essential for Mabuya placentation in addition to the canonical membrane fusion activity observed for syncytins. For instance, activation of MPZL1 could enhance placental cell migration/invasion into the maternal tissue or even inhibit some specific immune functions via its ITIM domains.
One remarkable aspect of vertebrate physiology concerns the highly diverse modes of reproduction, with clades such as birds having a strictly oviparous mode of reproduction and other clades containing both oviparous and some viviparous species. Even among viviparous species, a range of reproductive strategies exists. In some species, the egg and embryo develop with very limited maternal supply, being essentially dependent on yolk supply (lecithotrophy), while at the other extreme some species show strong dependence on maternal exchanges and almost no reliance on yolk (matrotrophy) (reviewed in refs. 16 and 45) . The placental organization of mammals represents the latter extreme, with the mother supplying almost all nutrients necessary for fetal growth. Clearly, the mammalian placenta is likely to be a monophyletic trait that emerged about 150 Mya and has since evolved into several variations on a common theme. In all cases in which it has been searched, there is evidence that retroviral capture has played a role in the diversity of placental structures, and possibly even in the emergence of the mammalian placenta via the capture of a primitive retroviral envelope during the radiation of this family (reviewed in refs. 1 and 2 ). Of note, there is increasing evidence that some nonmammalian vertebrates, among them Mabuya Scincidae and other lizards such as the African Lubuya ivensii (21, 46) , possess a mode of viviparity with placental structures that closely resembles that found in mammals. (D) Schematic representation of the cell-cell fusion assay. 293T cells were cotransfected with a plasmid expressing a nuclear β-galactosidase and a plasmid expressing either Mab-Env1 or a control plasmid. After 48 h a 5-min acidic shock was performed (or not) using Dulbecco's phosphate-buffered saline (DPBS)·HCl at either pH 4 or 7. Cells were X-gal stained 6 h afterward. (E) Mab-Env1 is able to induce cell-cell fusion after an acidic shock. After exposition to acid medium, cells transfected with the Mab-Env1-expressing plasmid show a degree of fusion equivalent to that of cells transfected with a plasmid expressing the Env protein of mouse mammary tumor virus (MMTV), which was used as a positive control.
These species have developed placentas that possess several of the characteristic features of the mammalian placenta and enable very similar reproductive strategies, including high maternal dependence for embryo growth, very tiny eggs almost devoid of yolk supply, prolonged pregnancy, and a large increase in conceptus dry mass during gestation (18, 22, 47) . Accordingly, and taking the present results into account, we propose as a working hypothesis an extended version of a model previously proposed for mammals, in which emergence of this reproductive strategy is associated with the stochastic acquisition of a retroviral envelope gene that provides the corresponding species with syncytin functions.
This model can be substantiated as follows. First, it is now established that placenta-like structures have emerged among egg-laying vertebrates throughout vertebrate evolution, ranging from 400 Mya in fish to 150 Mya in mammals and 25 Mya in the Mabuya lizards (48; reviewed in refs. 17 and 49). These emergences appear to be random and rare. Consistently, retroviral endogenization events have been identified in a large series of vertebrates, with some of them having occurred over 400 Mya in marine species (50) . Envelope gene capture in which this gene has been conserved after retrovirus endogenization has recently been characterized in spiny-rayed fishes dating back 100 My (51) . This indicates that retroviral env capture has most probably taken place across all of vertebrate evolution, and endogenization probably even predates the emergence of vertebrates. Therefore, the stochastic emergence of specific modes of reproduction during vertebrate evolution could, in principle, be accounted for by retroviral capture events, taking into account the ancestry of these elements. One other hint provided by the present investigation is that we not only could demonstrate retroviral env capture in the form of the functional fusogenic envelope protein syncytin-Mab1 but also could correlate its capture in time with the emergence in the Mabuya genus of a placental structure ∼25 Mya (36). Although we acknowledge that the temporal correlation between the acquisition of a retroviral env gene possessing all the characteristic features of canonical mammalian syncytins and the emergence of the Mabuya placenta is not proof of a causal link, it constitutes a significant hint for a direct involvement (see also the properties of the syncytin-Mab1 MAAATAAAAVVVAAALTAAGSGGTGPRAAPLTRWLALLLAVALGLV--QVSAVEVYTPPELSVE GTEAKLP TFTSTDVISSAA ---------------MAASAGAGAVIAAPDSRRWLWSVLAAALGLLTAGVSALEVYTPKEIFVA GTQGKLT KFKSTSTTGGLT ::*: *: * *** :** ****: ***:***** *: * ***: ** * * ** :
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*:** *:: :*: :**:****: *:****** * ******************:*:* *****************:****************** MCF10A cells were transduced either with an empty lentiviral vector or with the same vector coding for syncytin-Car1 or Mab-Env1. Con A treatment was performed (or not) 1 h before cell lysis as a positive control. Lysates were deglycosylated using PNGase F, and Western blot analysis was performed using an antibody recognizing both phosphorylated and unphosphorylated MPZL1 (Top) or only phosphorylated MPZL1 (Middle). (Bottom) An anti-tubulin-γ antibody was used to compare total protein levels in each well. Each set of blots represents an independent set of transduced cells.
Mabuya
receptor likely to be relevant to such a role, as discussed above). To be complete, we must also mention that part of the syncytinMab1 sequence, although not the complete env, could be identified in two clades closely related to the Mabuya genus, namely the clade containing the Trachylepis and Chioninia genera and the clade containing the Eumecia and Lubuya genera, but not in any other, more distantly related clades (notably Dasia, Toenayar, or Eutropis). This suggests that Mab-Env1 probably entered the Scincidae family slightly before the divergence of the Mabuya genus dated ∼25 Mya, and that the related env gene was not maintained as a protein-coding sequence in Trachylepis and Chioninia or in Eumecia and Lubuya. For the former two, this scenario would be consistent with Trachylepis being oviparous and Chioninia being lecithotrophic (52) . For the latter two, which display matrotrophic placentation (21, 47, 52) , it must be hypothesized either that the full-length gene could not be amplified for technical reasons or that another capture has taken place later in evolution. Along this line, it is theorized that the emergence of viviparity in American (Mabuya) and African (Eumecia and Lubuya) Scincidae results from two independent emergence events (52) .
In any event, the identification in the present paper of both a syncytin and its cognate receptor in a remote nonmammalian species opens the door to further searches for other syncytin captures in distant placental vertebrates and to in-depth investigations of their roles. These could include noncanonical functions, as suggested here, that would add to their fusogenic activity. This could lead to a deeper understanding of the mechanisms underlying the rare and stochastic emergence of placentation, a remarkable example of evolutionary convergence, and provide hints on species evolution in vertebrates.
Methods
Animals and Tissues. Mabuya females were captured in the wild by M.P.R.-P. in the municipality of Curiti, Department of Santander, Colombia. This Colombian population is an as-yet unnamed species described in ref. 28 as Mabuya sp. IV. This species corresponds to the one studied in refs. 19, 24, 25, 27, and 53. Placental and uterine tissues were collected from killed pregnant females and were either stored in RNAlater (Qiagen) or processed for in situ hybridization. Other tissues (ovary, oviduct, liver, intestine, kidney, heart, lung, and brain) were collected from the same killed females. Total RNA was extracted after tissue lysis in TRIzol reagent (Invitrogen), and genomic DNA was extracted by phenol-chloroform extraction. Genomic DNA from Mabuya croizati, Mabuya dominicana, Mabuya nigropalmata, Mabuya macrorhyncha, Mabuya unimarginata (sensu lato), and Mabuya zuliae and from Chalcides mionecton, Chioninia delalandii, Eutropis multifasciata, Heremites vittatus, Trachylepis quinquetaeniata, and Tribolonotus gracilis was obtained by phenol-chloroform extraction from tissue samples provided by A.M. Similarly, genomic DNA was extracted from Dasia olivacea tissues provided by Aaron Bauer (Villanova University, Villanova, PA ) and from Lubuya ivensii tissues (Museum of Comparative Zoology numbers R-193864, R-193868, R-193869, and R-193870) provided by Breda Zimkus (The Louis Agassiz Museum of Comparative Zoology, Cryogenic Collection, Harvard University, Cambridge, MA). Genomic DNA from Eumecia anchietae and Toenayar novemcarinata was also provided by Aaron Bauer.
Mabuya sp. IV Placenta Transcriptome High-Throughput Sequencing and de Novo Assembly. Total RNA was purified from Mabuya sp. IV placenta before sequencing using the Illumina HiSeq. 2000 sequencing system. cDNA library construction, sequencing, and transcripts assembly were performed by the French National Sequencing Center (Genoscope, Evry, France). Briefly, poly(A)
+ RNA was selected with oligo(dT) beads, chemically fragmented, and converted into single-stranded cDNA using random hexamer priming according to the Illumina TruSeq protocol. The second strand was then generated to create double-stranded cDNA. Next, the paired-end library was prepared following Illumina's protocol: Briefly, fragments were endrepaired and then 3′-adenylated, and Illumina adapters were added by using NEBNext Sample Reagent Set (New England Biolabs); ligation products were purified, and DNA fragments (>200 bp) were PCR-amplified using Illumina adapter-specific primers. After library profile analysis (showing a typical library size of 200-600 bp) by Agilent 2100 Bioanalyzer (Agilent Technologies) and qPCR quantification (MxPro; Agilent Technologies), the library was sequenced using 100-base-length read chemistry in a paired-end flow cell on the Illumina HiSeq2000 instrument (Illumina). Nucleotide sequence information has been deposited at the European Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena) under the accession number ERA1116158.
To maximize the number of reconstructed transcripts, several independent assemblies were performed using two different de novo assembly software programs (Oases and Trinity) as well as a range of k-mer lengths (55, 59, 63, 67, 71, 75 and 79) , and only transcripts of >100 bp were conserved. We then used the EvidentialGene pipeline to remove duplicates and concatenate fragmented transcripts from each individual assembly (54) . Reads were mapped on the nonredundant assembly using Bowtie2 (55), and transcript abundance was quantified using Express (56 Database Screening and Sequence Analyses. Retroviral endogenous env gene sequences were searched in each transcriptome assembly. Sequences containing an ORF longer than 400 amino acids (from start to stop codons) were extracted from the transcriptomes using the getorf program of the EMBOSS package (emboss.sourceforge.net/apps/cvs/emboss/apps/getorf.html) and were translated into amino acid sequences. These sequences were compared with the TM subunit amino acid sequences of 35 retroviral envelope glycoproteins from representative endogenous retroviruses, among which are known syncytins, and infectious retroviruses using the BLASTp program (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Putative envelope protein sequences were then selected based on the presence of a hydrophobic domain (transmembrane domain) located 3′ to a highly conserved C-X 5-7 -C motif. Multiple alignments of amino acid sequences were carried out using the MUSCLE algorithm in AliView (61) . Maximum likelihood phylogenetic amino acid trees were constructed with PhyML 3.0 (62), with bootstrap percentages computed after 1,000 replicates. Substitution models were selected using the SMS program (63):
LG+Γ+I for TM sequences and RtREV+ Γ for RT sequences.
Ethics Statement. This study was carried out in strict accordance with the French and European laws and regulations regarding animal experimentation (Directive 86/609/EEC regarding the protection of animals used for experimental and other scientific purposes). Mabuya were collected under the permit issued by the Ministerio de Ambiente y Desarrollo Sostenible (Colombia) and handled in accordance with government guidelines on the ethical treatment of animals and all applicable regulations (Estatuto Nacional de Proteccion de los Animales, Ley 84, December 27, 1989) and following the considerations of the Herpetological Animal Care and Use Committee (HACC, 2004) . Other methods are detailed in Supporting Informaton.
